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Abstract
The Pioneer 10 and 11 spacecraft yielded the most
precise navigation in deep space to date. These spacecraft
had exceptional acceleration sensitivity. However, analysis
of their radio-metric tracking data has consistently indi-
cated that at heliocentric distances of ∼20–70 astronomi-
cal units, the orbit determinations indicated the presence
of a small, anomalous, Doppler frequency drift. The drift is
a blue-shift, uniformly changing with a rate of ∼ (5.99 ±
0.01) × 10−9 Hz/s, which can be interpreted as a con-
stant sunward acceleration of each particular spacecraft
of aP = (8.74±1.33)×10
−10 m/s2 (Anderson et al. 1998;
Turyshev et al. 1999; Anderson et al. 2002a). The nature
of this anomaly remains unexplained. This signal has be-
come known as the Pioneer anomaly.
The inability to explain the anomalous behavior of
the Pioneers with conventional physics has contributed
to growing discussion about its origin. There is now an
increasing number of proposals that attempt to explain
the anomaly outside conventional physics. This progress
emphasizes the need for a new experiment to explore the
detected signal. Furthermore, the recent extensive efforts
led to the conclusion that only a dedicated experiment
could ultimately determine the nature of the found signal.
We discuss the Pioneer anomaly and present the next
steps towards an understanding of its origin. We specifi-
cally focus on the development of a mission to explore the
Pioneer Anomaly in a dedicated experiment conducted in
deep space. This joint European-US mission is motivated
by the desire to better understand the laws of fundamen-
tal physics as they affect dynamics in the solar system.
The mission could lead to a major discovery in the 21st
century and, with readily available technologies, it could
be flown well within the Cosmic Vision time frame.
Key words: Fundamental physics, Pioneer anomaly, solar
system dynamics, deep space navigation, gravitation
1. Background
The exploration of the solar system’s frontiers - the region
between 25-250 astronomical units (AU) from the Sun -
is a most ambitious and exciting technological challenge.
The scientific goals for possible deep-space missions are
well-recognized and include studies of the gas and dust
distributions, exploration of the heliopause and the space
beyond, measurements of the magnetic fields and particle
fluxes, studies of the Oort Cloud and Kuiper Belt Objects,
encounters with distant bodies, and investigation of the
dynamical background of the solar system by studying
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2the effects of various forces that influence the trajectory
of the spacecraft. We are most interested in this last goal.
Our interest comes from navigating the Pioneer 10 and
11 spacecraft that yielded an exceptionally good accelera-
tion sensitivity. Surprisingly, the accuracies of their or-
bit reconstruction were limited by a small, anomalous,
Doppler frequency drift that can be interpreted as a sun-
ward constant acceleration of the craft of aP = (8.74 ±
1.33) × 10−10 m/s2 (see Anderson et al. 2002a). This in-
terpretation has become known as the Pioneer anomaly.
The nature of this anomaly remains a mystery, with
possible explanations ranging from nominal sources of on-
board systematics to exotic gravity extensions on solar
system scales. Although the most obvious cause would be
that there is a systematic origin to the effect, the lim-
ited data analyzed does not unambiguously support any
of the suggested mechanisms (Anderson et al. 2002a). The
inability either to explain the anomaly or to test it with
other spacecraft has contributed to a growing discussion
about its origin (Turyshev et al. 2004; Nieto & Turyshev 2004;
Nieto et al. 2004; Turyshev et al. 2005).
Recently there was a significant interest in developing
a dedicated mission to study the detected signal. Previ-
ous extensive efforts have included formulating theoret-
ical mechanisms to explain the anomaly and analyzing
existing solar system data, including both planetary and
spacecraft data. Analysis of the capabilities of spacecraft
currently in operation or in design demonstrated their in-
ability to fulfill an independent verification of the anomaly.
These efforts led to the conclusion that only a dedicated
experiment could ultimately determine the nature of the
anomalous signal.
The paper is organized as follows: In Section 2 we dis-
cuss the Pioneer missions and the detected anomaly. We
also review mechanisms proposed to explain the Pioneer
anomaly, both with conventional and ‘new’ physics. Sec-
tion 3 discusses the program of experimental tests, focus-
ing on a dedicated mission concept to explore the Pioneer
anomaly, and in Section 4 we present our conclusions.
2. The Pioneer Missions and the Anomaly
The Pioneer 10/11 missions, launched on 2 March 1972
(Pioneer 10) and 5 April 1973 (Pioneer 11), respectively,
were the first spacecraft to explore the outer solar sys-
tem (Anderson et al. 2002a). After Jupiter and (for Pio-
neer 11) Saturn encounters, the craft followed escape hy-
perbolic orbits near the plane of the ecliptic to opposite
sides of the solar system. (See Figure 1.) Pioneer 10 even-
tually became the first man-made object to leave the solar
system. The last telemetry was obtained from Pioneer 10
on 27 Apr 2002 when the craft was 80 AU from the Sun.
(The last signal from Pioneer 10 was received on 23 Jan
2003.)
The Pioneers were excellent craft with which to per-
form precise celestial mechanics experiments. This was
Figure 1. Ecliptic pole view of Pioneer and Voyager trajec-
tories. Pioneer 11 is traveling approximately in the direc-
tion of the Sun’s orbital motion about the galactic center.
The galactic center is approximately in the direction of the
top of the figure.
Figure 2. A drawing of the Pioneer spacecraft.
due to a combination of many factors, including their at-
titude control (spin-stabilized, with a minimum number
of attitude correction maneuvers using thrusters), power
design (the Plutonium-238 powered heat-source RTGs –
Radioisotope Thermoelectric Generators – being on ex-
tended booms aided the stability of the craft and also
reduced the effects due to heating), and precise Doppler
tracking (with the accuracy of post-fit Doppler residuals
at the level of mHz). The result was the most precise nav-
igation in deep space to date. (See Fig. 2 for a design
drawing of the spacecraft.)
By 1980, when Pioneer 10 passed a distance of ∼ 20
AU from the Sun, the acceleration contribution from solar-
radiation pressure on the craft (directed away from the
Sun) had decreased to less than 4 × 10−10 m/s2. This
meant that small effects could unambiguously be deter-
3mined from the data, and the anomalous acceleration be-
gan to be seen. A detailed study of the anomaly began
in 1994, using data starting in 1987.0. By then the exter-
nal systematics (like solar-radiation pressure) were limited
and the existence of the anomaly in the Pioneers’ data be-
came clearly evident (Anderson et al. 2002a; Nieto et al. 2004;
Turyshev et al. 2004; Turyshev et al. 2005).
In the next section, we shall review our current knowl-
edge of the Pioneer anomaly.
2.1. A summary of the Pioneer Anomaly
As discussed above, the analysis of the Pioneer 10 and 11
data (Anderson et al. 2002a) demonstrated the presence
of an anomalous, Doppler frequency blue-shift drift, uni-
formly changing with a rate of (Turyshev et al. 2005)
f˙P ∼ (5.99± 0.01)× 10
−9 Hz/s. (1)
To understand the phenomenology of the effect, con-
sider fobs, the frequency of the re-transmitted signal ob-
served by a DSN antenna, and fmodel, the predicted fre-
quency of that signal. The observed, two-way (round-trip)
anomalous effect can be expressed to first order in v/c as
[fobs(t)− fmodel(t)]DSN = −2f˙P t, (2)
with fmodel being the modeled frequency change due to
conventional forces accounted for in the spacecraft’s mo-
tion. (For more details see Turyshev et al. (1999); Anderson et al. (2002a).)
This motion is outwards from the Sun and hence it pro-
duces a red shift.
After accounting for the gravitational and other large
forces included in standard orbit determination programs
this translates to
[fobs(t)− fmodel(t)]DSN = −f0
2aP t
c
. (3)
Here f0 is the reference frequency (Anderson et al. 2002a).
Furthermore, after accounting for all known (not mod-
eled) sources of systematic error (discussed in Anderson et al. 2002a),
the conclusion remained that there was an anomalous sun-
ward constant acceleration signal of
aP = (8.74± 1.33)× 10
−10 m/s2. (4)
We have already included the sign showing that aP is in-
ward using the DSN convention. (See Anderson et al. (2002a)
for more information.)
The initial results of the study were reported in (Anderson et al. 1998;
Turyshev et al. 1999) and a detailed analysis appeared in
(Anderson et al. 2002a). Realizing the potential significance
of the result, all known sources of a possible systematic ori-
gin for the detected anomaly were specifically addressed.
We emphasize known because one might naturally ex-
pect that there is a systematic origin to the effect, per-
haps generated by the spacecraft themselves from exces-
sive heat or propulsion gas leaks. However, a convinc-
ing explanation for the anomalous behavior of the space-
craft is still unavailable (for more details see discussion in
Anderson et al. 1998; Anderson et al. 2002a; Anderson et al. 2002b).
For the most detailed analysis of the Pioneer anomaly
to date, Anderson et al. (2002a) used the following Pio-
neer 10/11 Doppler data (Turyshev et al. 2005):
– Pioneer 10: The data used was obtained between 3
January 1987 and 22 July 1998. This interval covers
heliocentric distances ∼ 40 − 70.5 AU. This data set
had 20,055 data points obtained over the 11.5 years.
– Pioneer 11: The data used was obtained between 5
January 1987 to 1 October 1990. This interval covers
heliocentric distances ∼ 22.42−31.7 AU. This data set
had 10,616 data points obtained over the 3.75 years.
By now several studies of the Pioneer Doppler naviga-
tional data have demonstrated that the anomaly is unam-
biguously present in the Pioneer 10 and 11 data. These
studies were performed with three independent (and dif-
ferent!) navigational computer programs (Anderson et al. 1998;
Anderson et al. 2002a; Markwardt 2002). Namely:
– Various versions of JPL’s Orbit Determination Pro-
gram (ODP) code developed in 1980-2005,
– a version of The Aerospace Corporation’s CHASPM
(latest version of POEAS, see Anderson et al. 2002a)
code extended for deep space navigation, and finally
– a third code written by C. Markwardt (Markwardt 2002),
of the Goddard Space Flight Center (GFSC). He an-
alyzed Pioneer 10 data obtained from the National
Space Science Data Center (NSSDC, with more in-
formation at http://nssdc.gsfc.nasa.gov/), for the
time period 1987-1994.
Several analyses of the Pioneer 10 and 11 radio-metric
data (Anderson et al. 1998; Turyshev et al. 1999; Anderson et al. 2002a
Markwardt 2002; Turyshev et al. 2004; Nieto et al. 2004;
Turyshev et al. 2005) have established the following basic
properties of the Pioneer anomaly:
– Direction: Within the 10 dbm bandwidth of the Pi-
oneer high-gain antennae, the anomaly behaves as a
line-of-sight constant acceleration of the spacecraft di-
rected toward the Sun.
– Distance: It is unclear how far out the anomaly goes,
but the Pioneer 10 data supports the presence of the
anomaly at distances up to ∼70 AU from the Sun.
In addition, the Pioneer 11 Doppler data shows the
presence of the anomalous constant frequency drift as
close in as ∼20 AU.
– Constancy: Both temporal and spatial variations of the
anomaly’s magnitude are less then 3.4% for each craft.
This information was used as guidance in investigating
applicability of proposals suggested to explain the Pioneer
anomaly with both conventional and ‘new’ physical mech-
anisms. In Section 2.2 we will briefly review these pro-
posals. We will use the same principles in Section 3 while
discussing our proposal to explore the Pioneer anomaly in
a dedicated deep space experiment.
42.2. Attempts at explanations
2.2.1. Conventional physics mechanisms:
There were many attempts to explain the anomaly with
a conventional physics mechanism which are either not
strong enough to explain its magnitude or else exhibited
significant temporal or spatial variations contradicting the
known properties of the anomaly. Consequently, attempts
of explanation along the lines of conventional physics have
addressed a number of possibilities, namely:
Unknown mass distribution in the solar system. The most
straightforward way to generate a putative physical force
is the gravitational attraction due to an imprecisely known
mass distribution in the outer solar system. Such a dis-
tribution could be due to the Kuiper Belt Objects or
dust. The known density distribution for the Kuiper belt
has been studied in Anderson et al. (2002a), and found
to be incompatible with the discovered properties of the
anomaly. Even worse, these distributions cannot circum-
vent the constraint from the undisturbed orbits of Mars
and Jupiter (Nieto 2005; Bertolami & Vieira 2005). Hence
a gravitational attraction by the Kuiper belt can, to a
large extent, be ruled out.
Interplanetary dust leads to (i) a gravitational accelera-
tion, (ii) an additional drag force (resistance) and (iii) a
frequency shift of the radio signals proportional to the
distance. The analysis of data from the inner parts of
the solar system taken by the Pioneer 10 and 11 dust
detectors strongly favors a spherical distribution of dust
over a disk. Ulysses and Galileo measurements in the in-
ner solar system find very few dust grains in the 10−18 −
10−12 kg range (Nieto et al. 2005). IR observations rule
out more than 0.3 Earth mass from Kuiper Belt dust in the
trans-Neptunian region. Furthermore, the density varies
greatly within the Kuiper belt, precluding any constant
acceleration. The density of dust is not large enough to
produce a gravitational acceleration on the order of aP
(Anderson et al. 2002a). The resistance caused by the in-
terplanetary dust is too small to provide support for the
anomaly, so as the dust-induced frequency shift of the car-
rier signal.
Recently there was a revived interest in examining the
dust distribution in the outer solar system as a possible
origin of the Pioneer anomaly. Nieto et al. (2005) consid-
ered this idea based on the known properties of dust in
the solar system which is composed of a thinly scattered
matter with two main contributions:
– Interplanetary Dust (IPD): a hot-wind plasma (mainly
p and e−) within the Kuiper Belt, from 30 to 100 AU
with a modeled density of ρIPD . 10
−21 kg/m3;
– Interstellar Dust (ISD): composed of fractions of in-
terstellar dust (characterized by greater impact veloc-
ity). The density of ISD was directly measured by the
Ulysses spacecraft, yielding ρISD . 3× 10
−23 kg/m3.
Nieto et al. (2005) used these properties to estimate the
effect of dust on the Pioneers and found that one needs
an axially-symmetric dust distribution within 20− 70 AU
with a constant, uniform, and unreasonably high density
of ∼ 3×10−16 kg/m3 ≃ 300, 000 ·(ρIPD+ρISD). Therefore,
dust cannot explain the Pioneer anomaly.
Spin-rotation coupling. The spin-rotation coupling on the
circularly-polarized radio signal when it interacts with the
rotation of a spacecraft and the Earth leads to a constant
acceleration which, however, is too small to explain aP
(Anderson & Mashhoon 2003). Furthermore, the helicity-
rotation coupling has already been phenomenologically in-
corporated in the analysis of Doppler data.
Local effect of expansion of the Universe.Motivated by the
numerical coincidence aP ≃ cH0 where c the speed of light
and H0 is the Hubble constant at its present time there
are many attempts to explain the anomaly in terms of the
expansion of the Universe. Anderson et al. (2002a) have
shown that such a mechanism would produce an opposite
sign for the effect and it has been argued (Ranada 2002)
that the cosmic expansion influences the measurement
process via a change in the frequency of the traveling elec-
tromagnetic signals. However, one expects that taking all
effects of the cosmic expansion on the frequency as well
as on the Pioneer motion into account, the resulting ac-
celeration is −vH and, thus, has the correct sign but is
too small by a factor v/c (La¨mmerzahl & Dittus 2005).
The ways in which the cosmic expansion might be respon-
sible for aP vary considerably between the approaches.
It is known (Anderson et al. 1998; Anderson et al. 2002a)
that the very presence of the Pioneer anomalous accelera-
tion contradicts the accurately known motion of the inner
planets of our solar system. This motivated focusing on
the effect of cosmic acceleration on the radio communica-
tion signal rather than on the spacecraft themselves. This
approach avoids confronting the anomaly with the present
accuracy of the planetary orbits.
Another line is whether the cosmic expansion has an
influence on the size of the Solar system. In particular, the
properties of bound (either electrically or gravitationally)
systems in an expanding universe has been discussed con-
troversially in many papers, notably by (McVittie 1933;
Anderson 1995). Very interesting is the result (Anderson 1995)
where it has been found that the expansion couples to es-
cape orbits, while it does not couple to bound orbits.
2.2.2. Possibility for new physics?
The apparent difficulty to explain the anomaly within
standard physics became a motivation to look for ‘new
physics.’ These attempts in general did not produce a vi-
able mechanism for the anomaly study, in particular:
Extensions of general relativity. An inverse time depen-
dence for the gravitational constant G produces effects
similar to that of an expanding universe. So does a length
or momentum scale-dependent cosmological term in the
gravitational action functional (Modanese 1999; Rosales & Sanchez-Gomez
The anomalous acceleration could be explained in the frame
5of a quasimetric theory of relativity (Ostvang 2002). The
possible influence of the cosmological constant on the mo-
tion of inertial systems leading to an additional acceler-
ation has been discussed by Rosales (2003). In addition,
there were ideas to invoke a model for superstrong in-
teraction of photons or massive bodies with the gravi-
ton background (Ivanov 2001). A 5-dimensional cosmolog-
ical model with a variable extra dimensional scale factor
in a static external space (Belayev 1999) was also pro-
posed. There is also an attempt to explain the anomaly
in the framework of a nonsymmetric gravitational theory
(Moffat 2004).
Gravity modifications. One approach, called MOdified New-
tonian Dynamics (MOND), induces a long-range modifica-
tion of gravity that explains the rotation curves of galaxies
(Milgrom 2004; Bekenstein 2004). It has been pointed out
that a scalar field with a suitable potential can account
for a constant acceleration as experienced by the space-
craft (Moffat 2005). A modification of the gravitational
field equations for a metric gravity field, by introducing a
general linear relation between the Einstein tensor and the
energy-momentum tensor has been claimed to account for
aP (Jaekel & Reynaud 2005a; Jaekel & Reynaud 2005b).
Dark matter. Various distributions of dark matter in the
Solar system have been proposed to explain the anomaly,
e.g., dark matter distributed in a form of a disk in the
outer solar system with of a density of ∼ 4×10−16 kg/m3,
yielding the wanted effect. However, it would have to be
a special kind of dark matter that was not seen in other
non-gravitational processes. Dark matter in the form of
a spherical halo of a degenerate gas of heavy neutrinos
around the Sun (Munyaneza & Viollier 1999) and ‘mirror
matter’ (Foot & Volkas 2001) have also been discussed.
String theory and higher-dimensional models. Bertolami & Paramos (2004)
have shown that a generic scalar field cannot explain aP ;
on the other hand, a non-uniformly-coupled scalar could
produce the wanted effect. Although brane-world mod-
els with large extra dimensions may offer a richer phe-
nomenology than standard scalar-tensor theories, it seems
difficult to find a convincing explanation for the Pioneer
anomaly (Bertolami & Paramos 2005).
Further ideas. These include Yukawa-like or higher order
corrections to the Newtonian potential (Anderson et al. 2002a);
a scalar-tensor extension to the standard gravitational
model (Calchi Novati et al. 2000); Newtonian gravity as a
long wavelength excitation of a scalar condensate inducing
electroweak symmetry breaking (Consoli & Siringo 1999);
interaction of the spacecraft with a long-range scalar field,
unrelated to gravity, determined by an external source
term proportional to the Newtonian potential (Mbelek & Lachieze-Rey 1999).
In addition, there were suggestions based in flavor oscilla-
tions of neutrinos in the Brans-Dicke theory (Capozziello et al. 2001);
a theory of conformal gravity with dynamical mass gener-
ation, including the Higgs scalar (Wood & Moreau 2005).
These models are quite interesting, but certainly need
more consideration to be regarded as a viable explana-
tion.
2.3. Search for independent confirmation
Attempts to verify the anomaly using other spacecraft
proved disappointing. This is because the Voyager, Galileo,
Ulysses, and Cassini spacecraft navigation data all have
their own individual difficulties for use in an independent
test of the anomaly. In addition, many of the deep space
missions that are currently being considered either may
not provide the needed navigational accuracy and trajec-
tory stability sensitive to accelerations of under 10−10 m/c2
(e.g., NASA New Horizons mission) or else they will have
significant on-board systematics that mask the anomaly
(e.g., JIMO – Jupiter Icy Moons Orbiter).
To enable a clean test of the anomaly there is also
a requirement to have an escape hyperbolic trajectory.
This makes a number of other missions (i.e., LISA – the
Laser Interferometric Space Antenna, STEP – Satellite
Test of Equivalence Principle, etc.) less able to directly
test the anomalous acceleration. Although these missions
all have excellent scientific goals and technologies, never-
theless, their orbits lend them a less advantageous position
to conduct a precise test of the detected anomaly.
A number of alternative ground-based verifications of
the anomaly have also been considered; for example, us-
ing Very Long Baseline Interferometry (VLBI) astrometric
observations. However, the trajectories of spacecraft like
the Pioneers, with small proper motions in the sky, make
it presently impossible to use VLBI in accurately isolating
an anomalous sunward acceleration of the size of aP .
To summarize, the origin of this anomaly remains un-
clear. Turyshev et al. (2005) advocated a program to study
the Pioneer anomaly which effectively has three phases:
i) Analysis of the entire set of existing Pioneer data, ob-
tained from launch to the last useful data received from
Pioneer 10 in April 2002. This data could yield critical
new information about the anomaly (Nieto et al. 2004;
Turyshev et al. 2005). If the anomaly is confirmed,
ii) Development of an instrument, to be carried on an-
other deep space mission, to provide an independent
confirmation for the anomaly. If further confirmed,
iii) Development of a dedicated deep-space experiment to
explore the Pioneer anomaly with an accuracy for ac-
celeration resolution at the level of 10−12 m/s2 in the
extremely low frequency (or nearly DC) range.
An effort to retrieve the early data, existing on obsolete-
format magnetic tapes, and transfer it to modern DVDs
is being initiated at JPL. In August 2005 this transfer will
be complete, making the entire data record available for
the community. A preliminary analysis of the entire data
confirms the previous results on the anomaly and supports
its extravehicular nature, thus necessitating experimental
work to find its origin.
6Recently there was a significant progress concerning
the second phase (Nieto & Turyshev 2004; Nieto et al. 2004;
Turyshev et al. 2004; Rathke 2004; Izzo & Rathke 2005).
This work demonstrated a limited use of an instrumental
package to test the Pioneer anomaly emphasizing the need
for a dedicated mission to explore the Pioneer anomaly.
Finally, the work on phase iii) has also recently been initi-
ated (Johann & Fo¨rstner 2004; Dittus et al. 2004; Nieto et al. 2004;
Turyshev et al. 2005).
In the following Section we discuss the work needed to
experimentally find the origin of the Pioneer anomaly.
3. A Mission to Explore the Pioneer Anomaly
Recent (2004-2005) mission studies have identified two
options: i) an experiment on a major mission to deep
space capable of reaching acceleration sensitivity similar
to that demonstrated by the Pioneers. This option would
have a major impact on spacecraft and mission designs
with questionable improvement in measuring aP . On the
other hand ii) a dedicated mission to explore the Pioneer
anomaly that offers full characterization of the anomaly.
These studies led to a realization that, in order to perform
an independent and clear test of the Pioneer anomaly, one
needs a new dedicated experiment. Furthermore, there is
an evident ‘win-win’ situation with both outcomes stan-
dard and new physics, are clearly being very important.
Thus, if the anomaly finds its origin in standard physics,
such an explanation will be important for solar system
physics, astrophysics, and also for advanced high-accuracy
navigation. However, there is a possibility for discovering
new physics with truly amazing opportunities.
From the above, it is clear that a dedicated mission
is both scientifically and technologically attractive. Nev-
ertheless, below we describe both possibilities.
3.1. Mission Objectives and Requirements
Experience with studying the Pioneer spacecraft and our
current understanding of the Pioneer anomaly lead to the
following set of science objectives and technological goals
for a dedicated mission to explore it:
Scientific Objectives:
– Investigate the origin of the Pioneer anomaly with an
improvement by a factor of 1,000;
– Improve spatial, temporal, and directional resolution;
– Identify and measure all possible disturbing and com-
peting effects;
– Test Newtonian gravity potential at large distances;
– Discriminate amongst candidate theories explaining aP ;
– Study the deep-space environment in the outer solar
system;
– Improve limits on the extremely low-frequency gravi-
tational radiation.
Technological Goals – to develop the following:
– methods for precise spacecraft navigation & attitude
control (needed for all future interplanetary missions);
– drag-free technologies operating at extremely low-frequ-
encies (needed for next generation of GW missions);
– fast orbit transfer scenarios for deep-space access, namely
propulsion concepts (including solar sails) and power
management at large heliocentric distances (including
the use of RTGs);
– advanced on-board environmental sensors.
The experience gained from the Pioneer spacecraft leads
to a creative approach to spacecraft and mission design
that responds directly to the set of objectives and goals
presented above (Nieto & Turyshev 2004; Nieto et al. 2004;
Turyshev et al. 2004; Turyshev et al. 2005). In particular,
this experience translates in the following design require-
ments for the new mission, that are characterized by
Navigation and Attitude Control:
– Spin-stabilized spacecraft;
– 3-D acceleration sensitivity ∼ 10−12 m/s2, in very low
frequency or DC range;
– Propulsion system with precisely calibrated thrusters,
propellant lines & fuel gauges with real-time control;
– X- and Ka-band with significant dual-band tracking;
– Data types: Doppler, range, ∆DOR, and VLBI.
Thermal design:
– Entire spacecraft is heat-balanced & heat-symmetric;
– Active control of all heat dissipation within & outward;
– Knowledge of 3D vector of thermal recoil force;
– Optical surfaces with understood ageing properties;
– On-board power – the use of RTGs;
– Must provide thermal and inertial balance & stability.
Mission Design:
– Range of heliocentric distances of interest 25-45 AU;
– Hyperbolic escape trajectory beyond 15 AU;
– Fast orbit transfer with a velocity of > 5 AU / year.
Most of the technology is readily available and could
lead to rapid mission design and components fabrication.
3.2. A Pioneer Instrument Package
A way to test for the anomaly would be to fly an instru-
mental package on a mission heading to the outer regions
of the solar system. The primary goal here would be to
provide an independent experimental confirmation of the
anomaly. One can conceive of an instrument placed on a
major mission to deep space. The instrument would need
to be able to compensate for systematic effects to an ac-
curacy below the level of 10−10 m/s2. Another concept
would be a simple autonomous probe that could be jetti-
soned from the main vehicle, such as InterStellar Probe,
presumably further out than at least the orbit of Jupiter
or Saturn. The probe would then be navigated from the
ground yielding a navigational accuracy below the level of
7Figure 3. A drawing for the measurement concept chosen of the Pioneer Anomaly Explorer. The formation-flying
approach relies on actively controlled spacecraft and a set of passive test-masses. The main objective is to accurately
determine the heliocentric motion of the test-mass by utilizing the 2-step tracking needed for common-mode noise
rejection purposes. Trajectory of the spacecraft will be determined based on the standard methods of radio-tracking;
while the motion of the test-mass relative to the spacecraft will be established by laser ranging technology. The test mass
is at an environmentally quiet distance from the craft, ≥250 m. With occasional maneuvers to maintain formation,
the concept establishes a flexible craft-to-testmass formation.
10−10 m/s2. The data collected could provide an indepen-
dent experimental verification of the anomaly’s existence.
Such an instrumental payload could, in principle, pro-
vide a significant information on the anomalous behavior
of the spacecraft; however, in order to explore the anomaly
to a greater accuracy of ∼ 10−12 m/s2 one needs a dedi-
cated mission, as discussed in the following chapter.
3.3. A Dedicated Mission Concept
Advantages of a dedicated concept include demonstration
of new technologies and capabilities, especially in devel-
oping technologies for a low disturbance craft, advanced
thermal design, formation-flying, accurate navigation and
attitude control, etc. It also enables synergies with other
science and technology, namely solar system studies (in-
cluding plasma, dust distributions), Kuiper belt, GWs,
heliopause, etc. The goal here would be to explore the
anomaly at the 10−12 m/s2 level in the near DC frequency
range and, in so doing, develop technologies critical for fu-
ture deep-space navigation and attitude control.
Experience gained from the Pioneer spacecraft leads
to a creative approach to spacecraft design. In particu-
lar, we emphasize a precision formation flying as a fea-
sible flight system concept for the proposed mission. For
this architecture, a passive sphere covered with cornercube
retroreflectors is laser-ranged from the primary craft. The
resulting distance is then combined with the distance be-
tween the Earth to the primary craft, determined with
radio-metric methods (see Fig.3). Not only will this de-
sign allow for the most accurate orbit determination ever,
it will also lead to the development of optical navigation,
communication, and accurate formation flying technolo-
gies. This mission could also benefit from improvements
in low-frequency accelerometers, ultra-stable oscillators,
precision star trackers, dust detectors, spectrometers, and
real-time autonomous attitude control.
A viable concept would utilize a spacecraft pair capa-
ble of flying in a flexible formation. The main craft would
have a precision star-tracker and an accelerometer and
would be capable of precise navigation, with disturbances,
to a level less than ∼ 10−10 m/s2 in the low-frequency ac-
celeration regime. Mounted on the front would be a con-
tainer holding a probe - a spherical test mass covered with
cornercubes. Once the configuration is on its solar system
escape trajectory and will undergo no further navigation
maneuvers, and is at a heliocentric distance of∼ 5−20 AU,
the test mass would be released from the primary craft.
(This concept is essentially a version of a disturbance-
compensation system with a test mass being outside of
the spacecraft.) The probe will be passively laser-ranged
from the primary craft with the latter having enough ∆V
to maneuver with respect to the probe, if needed. The dis-
tance from the Earth to the primary would be determined
8with either standard radio-metric methods operating at
Ka-band or with optical communication. Note that any
dynamical noise at the primary would be a common mode
contribution to the Earth-primary and primary-probe dis-
tances. This design satisfies the primary objective, which
would be accomplished by the two-staged accurate naviga-
tion of the probe with sensitivity down to the 10−12 m/s2
level in the DC of extremely low frequency bandwidth.
Since the small forces affecting the motion of a craft
from four possible directions, all having entirely different
characters (i.e. sunward, Earth-pointed, and along the ve-
locity vector or spin-axis (Nieto & Turyshev 2004; Turyshev et al. 2005)),
it is clear that an antenna with a highly pointed radiation
pattern and star-sensors will create even better conditions
for resolving the true direction of the anomaly, when com-
pared to standard navigation techniques. On a craft with
these additional capabilities, all on-board systematics will
become a common mode factor contributing to all the at-
titude sensors and antennas. The combination of all the
attitude measurements will enable one to clearly separate
the effects of the on-board systematics referenced to the
direction towards the Sun.
To enable fast orbital transfer to distances greater than
20 AU, hyperbolic escape trajectories enabled by solar
sail propulsion technology are considered as an attrac-
tive candidate. Among other options is standard chem-
ical rocket and nuclear electric propulsion, as was suc-
cessfully demonstrated recently. The proposed combina-
tion of a formation-flying flight system aided by solar sail
propulsion for fast trajectory transfer, leads to a technol-
ogy combination that will benefit many astronomy and
fundamental physics missions in the future.
4. Conclusion
We discussed a joint European-US proposal to explore the
anomalous signal of the Pioneer spacecraft – a mission
proposed as a Theme for ESA’s Cosmic Vision 2015-2025
(Dittus et al. 2004). This mission is designed to determine
the origin of the discovered anomaly and to characterize its
properties to an accuracy of at least three orders of mag-
nitude below its measured value. This mission could be
an excellent opportunity to demonstrate new technologies
for spacecraft design, in-space propulsion, on-board power,
deep space communication, and attitude control. They all
could find their way into many fundamental physics and
space exploration applications in the future.
The existence of the Pioneer anomaly is no longer in
doubt. Further, after much understandable hesitancy, a
steadily growing part of the community has concluded
that the anomaly should be subject to interpretation. Our
program presents an ordered approach to doing this. The
results would be win-win; improved navigational protocols
for deep space at the least, exciting new physics at the
best. Finally, a strong international collaboration would
be an additional outcome of the proposed program of un-
derstanding the Pioneer anomaly.
A mission to explore the Pioneer Anomaly is motivated
by the desire to better understand the laws of fundamen-
tal physics as they affect dynamics in the solar system.
This objective is supported by a technology roadmap for
development of critical infrastructure elements and accom-
panied by ordered approach to accomplish this goal. Such
a combination, aided with the political will of the Euro-
pean Space Agency, may not only result in a unique space
experiment, but may also become a critical turning point
for European endeavors in the deep-space exploration.
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